Abstract. Many issues in forming are influenced to some degree by the internal structure of the material which is commonly referred to by the materials science community as microstructure. Although the term microstructure is commonly only thought of in the context of grain size, it more properly encompasses all relevant aspects of internal material structure. For the purposes of forming, the most relevant features are the crystallographic orientations of the grains ("texture") and the locations of the grain boundaries, or, equivalently, the size, topology and shape of the grains. In order to perform realistic simulations one needs to specify the initial state of the material, e.g. on a finite element mesh, with sufficient detail that all these features are reproduced. Measuring microstructure at the scale of individual grains is possible in the synchrotron but scarcely practicable for an analyst. Cross-sections or surfaces are easily evaluated through automated diffraction in the scanning electron microscope (SEM), however. Therefore this paper describes a set of methods for generating statistically representative 3D microstructures based on microscopy input for both single-phase and two-phase materials. Examples are given of application of the technique for generating input structures for recrystallization simulation, dynamic deformation and finite element modeling.
INTRODUCTION
We describe methods for creating statistically relevant three-dimensional model microstructures from spatially resolved orientation measurements on orthogonal section planes and to simulate the subsequent evolution of the microstructure during recrystallization. One objective of the work is to provide input to models of microstructural evolution that are validated by direct comparison to experimental recrystallization data. The methods are demonstrated for single-phase microstructures using data collected from a rolled polycrystalline aluminum sample and for two-phase microstructures from a sample of W-Ni-Fe "heavy metal" alloy. The representation of the grain geometries was obtained in terms of a distribution of ellipsoids. The microstructure crystallography is described by assignment of orientations to the grains in the geometrically representative microstructure. Observations from polycrystalline aluminum were used for generating single-phase microstructural models. Orientation maps were obtained on two orthogonal observation planes using electron back scattering diffraction (EBSD). These were used as inputs for the microstructure builder. Figure 1 shows the experimental geometry arranged such that the sample axis e 1 is aligned parallel to the rolling direction, sample axis e 2 is parallel to the transverse direction and the sample axis e 3 is parallel to the normal direction.
SINGLE PHASE MICROSTRUCTURE
A distribution of ellipsoids was used to represent grains in the polycrystalline microstructure that describe both the variations in grain size and aspect ratio. The main assumption here was that every grain can be approximated by ellipsoids. This assumption was justified by the geometry of the observed grains in the polycrystalline aluminum material. In addition to this, two more assumptions were made. The first one was that the distribution of ellipsoids was independent of position in the sample. That is there was no gradient in the grain size or morphology through the sample. The second assumption was that there was no variation in the orientation of the ellipsoids. Thus, to represent the distribution of grain sizes and shapes in the aluminum sample, we need only specify a spatially homogeneous distribution of ellipsoids, f(a b c), as the probability density of finding a grain that can be represented as an ellipsoid with semi-axis lengths a, b, and c aligned with a fixed sample coordinate system. Though a single orientation map is incapable of providing full information about f(a b c), the full form of probability distribution f(a b c) can be obtained using the orientation maps of orthogonal cross section of the sample [1] .
Geometry generation
Once the shape distribution f(a b c) has been obtained, the simulation domain was populated with a collection of overlapping ellipsoids by placing them randomly inside the selected model microstructure. This was achieved by selecting a site at random inside the bounding box as the center of the ellipsoid. The next step was to decide the lengths of the semi-axes of the ellipsoid using the distribution f(a b c). Out of this large set of overlapping ellipsoids, a small subset of optimal ellipsoids was picked such that each volume element was contained within one and only one ellipsoid. The procedure for selecting optimal packing was performed using "simulated annealing" [2] . The procedure described above provides a set of ellipsoids to represent the grains in the final microstructure; however, these ellipsoids overlap in certain areas and do not fill space at other locations.
The last step in generating the microstructure was to fill the space with grains that have the underlying ellipsoid distribution. First the space was sampled with a random sample of points. Then the space was tessellated using the Voronoi tessellation scheme [3] . The result of this scheme was a set of Voronoi cells. Each Voronoi cell was a volume enclosed by the perpendicular bisectors planes between adjacent points. Once this was completed the Voronoi cells were grouped into grains. This was done by associating the cells with the ellipsoid containing it. If the cell lies in more than one ellipsoid it was associated with the ellipsoid whose center was closest. This procedure ensures that a microstructure filling all the space and having no overlap was obtained. Overlap is avoided by ensuring that each Voronoi cell is assigned to one and only one grain during the packing procedure described above. Full details can be found elsewhere [1] .
FIGURE 2:
Three-dimensional geometry of the model single-phase microstructure based on a measured microstructure in commercial purity aluminum 1050. Fig. 2 shows a typical three-dimensional model microstructure generated based on the observations of a sample of deformed aluminum 1050 alloy. On closer inspection one can see the coarse, pancaked grain structure. There are also some much smaller grains visible which are new grains (nuclei) introduced during the process of nucleation in subsequent simulation of the process of recrystallization. This type of simulation is performed with the Monte Carlo model that is commonly used for grain growth and recrystallization and illustrates the value of this method of generating 3D structures as input to simulation techniques. The Voronoi structure was converted to a regular grid discretization by sampling the tessellation at each grid point.
Crystallographic Orientation Assignment
The next step in the microstructure builder is the assignment of orientations to the grains in the model so as to match the microstructure of the experimental aluminum polycrystal. Here, the assumption is that the arrangement of grain orientations in a polycrystalline microstructure can be sufficiently characterized by specifying a combination of the distribution of grain orientations by volume fraction f(g) and the distribution of relative misorientations across grain boundaries by area fraction f(Dg). f(g) and f(Dg) are determined for the polycrystalline aluminum sample based on the geometric and crystallographic information from the orientation maps. For f(g), this is accomplished by binning each orientation observation into the appropriate category of g. f(Dg) is calculated in a similar fashion, except that, instead of counting the orientation observations, the misorientation associated with each pair of adjacent points that span a grain boundary is binned into the appropriate misorientation category.
After specifying f(g) and f(∆g), orientations are assigned to the grains in the model microstructure such that their distribution and arrangement matches both distributions using an iterative technique. The target f(g) and f(Dg) derived from the aluminum polycrystal, along with the topology data from the model microstructure, are the only pieces of information required for the orientation assignment algorithm. The algorithm is based on the work of Miodownik et al. [4] and uses a simulated annealing algorithm [2] to find an optimum configuration of orientations. Briefly, random orientations, g, are assigned to all of the grains in the model microstructure. Next, f(g) and f(Dg) are calculated and compared to their target values. An error value for the system (l) is calculated,
where i sums over the orientation categories, j sums over the misorientation categories, and e and m signify experimental and model distributions, respectively. The algorithm proceeds by randomly choosing between two operations, an orientation change or an orientation swap, until the error value, l, is minimized. Figures 3 and 4 illustrate that reasonable agreement even for a case in which the number of discrete orientations fitted (i.e. the number of grains) is of order 200 and therefore too small to allow precise matching of the experimental texture. In general, it is necessary to have several thousand grains in the fitted structure in order to optimize the texture fit. As an example of an extension of the technique, the Voronoi tessellation representing an equiaxed grain structure was converted into a mesh suitable for use in a finite element model. 514 cells were selected from a larger structure of more than 4000 and used to construct 134 grains. 
TWO-PHASE MICROSTRUCTURES
We next discuss the generation of two-phase microstructures by reference to a metal matrix composite material. The reinforcing phase consists of a high volume fraction of tungsten particles, each of which is essentially a nearly ellipsoidal single crystal. The composition of the material by weight per cent is 93%W, 4.6%Ni and 2.4% Fe. The matrix is a coarsegrained (relative to the mean tungsten particle size) fcc alloy of Ni and Fe. Automated EBSD was used to characterize orthogonal sections of the material as before except that the multi-phase capability of the OIM TM software was used to recognize points as being in either the bcc tungsten or in the fcc matrix. Figure 7 shows an EBSD map of the Ni-Fe matrix phase alone. Figures 8 and 9 show transverse and longitudinal sections, respectively, of the tungsten phase alone. The longitudinal section shows elongation of tungsten particles resulting from a 20% reduction in area imparted by swaging.
The microstructure of the Ni-Fe matrix phase was generated in the same manner as described above. Both the texture and the misorientation distribution were fitted to the experimental data. For the tungsten particles, however, the limited contact area between particles meant that it was appropriate to fit only the texture information and not the misorientation distribution. The rather regular nature of the tungsten particles prompted the use of a cellular automaton to insert ellipsoidal particles of the main phase into the matrix microstructure. Cellular automata are conveniently applied to regular grids, and so the matrix microstructure was transferred to a regular grid before insertion of particles. Each particle was grown from a specified center and with mutually independent growth rates in the three orthogonal directions, figure 10 . Inspection of the available micrographs suggested that the placement of the tungsten particles was not random. This was verified by generating randomly chosen sets of ellipsoid centers: this approach resulted in significant clustering of particles and corresponding empty regions in poor agreement with the observed microstructures. A Hammersley sequence was then employed in order to disperse the particle centers in a more nearly uniform distribution. The result is visually acceptable although further effort will be required to quantify the distributions of particles, e.g. with pair correlation functions. The texture of the tungsten showed a weak fiber texture, consistent with the small swaging strain (approximately 20%) imposed on the material. The texture of the Ni-Fe matrix was also weak. Fitting of the texture in the numerical microstructure was performed in the same manner as described above for the matrix material. For the tungsten particles however, a modified procedure was used in which only the orientation distribution was fitted but not the misorientation character because of the small tungsten to tungsten contact area. As in the case of the singlephase Al-1050 example discussed above, the number of tungsten particles was of the order of 200. Thus it is unsurprising that the agreement between the experimental and fitted textures is imperfect. This raises an interesting issue with respect to the trade-off between the statistical quality of the representation of the material and the size, for example, of the mesh required to represent the microstructure. If one builds a structure with 2000 grains based on fitting an experimental texture, the corresponding finite element mesh might require 10 6 elements to describe the geometry adequately. 
SUMMARY
A method of constructing numerical descriptions of polycrystalline microstructures in three dimensions has been outlined. The microstructures are statistical representations of the grain geometry, orientation (texture) and misorientation (grain boundary character). The microstructures can be discretized on a Voronoi tessellation or on a regular grid. Conversion of the microstructure geometries into finite element meshes has been demonstrated. Extension of the method to 2-phase materials has been demonstrated with reference to an exemplary metallic W-Ni-Fe composite.
